broadband networks keep increasing in transmission speed, multimedia-on-demand (MOD) is expected to be one of the most popular broadband services in the near future. MOD systems can provide two types of services: interactive service and butch service. The interactive service provides each user with one dedicated stream. With it, the user can use the VCR function controls such as pause, forward and rewind. However, the service is expensive and not scalable to system size. With batch service, the users who request the same multimedia content within a batch period will be grouped together and served by one dedicated stream. Hence, the system can either use fewer resources or serve more customers. However, batch users must wait for programs to begin and are unable to perform VCR function control. In this paper, we take advantage of both services by considering an MOD system that provides both services. Also, we propose two methods to optimize their coexistence. In addition, a n analytical model is derived for performance evaluation. Numerical results show that the proposed hybrid system really outperforms both individual systems. The hybrid system provides a superior solution to both the service providers and the users. Specifically, given a limited storage resource, the service provider receives more revenue by serving more users concurrently, while the users have a satisfactory viewing experience due to higher availability of programs and the low average waiting time.
I. INTRODUCTION
Broadband networks and their applications are becoming more popular with the introduction of high quality multimedia services. Internet Service Providers (ISPs) or Full Service Providers (FSPs), through broadband networks, can deliver their own multimedia and Internet services from their main server to the customers' computer or television set. There are various digital subscriber line techniques delivering multimedia services from the broadband network to the customer's home, such as 0 Vety High Speed Subscriber Line (VDSL) [l] : VDSL can be used for short distance communication. For example, if optical fiber has reached a building, VDSL can be used for the delivery of multimedia traffic within the building.
Asymmetric Digital Subscriber Line (ADSL) [2] : ADSL can be used for relatively long distance communication.
For example, ADSL can deliver multimedia traffic from the local exchange to the household user. However, compared to VDSL, ADSL is a more expensive techno logy.
Moreover, other technologies like cable modems and broadband wireless sets may also be considered. Basically, there are two services we can provide for customers:
Interactive Sewice: Each user is assigned to an individual multimedia stream [3, 41. Users can view the selected multimedia program at any time and enjoy interactive VCR control ( Figure 1 ). However, the interactive multimedia system so far does neither scale up well with the user population nor customer consumption. If too many requests amve and all the streams are occupied, the system cannot serve any more requests and the requests for service must be denied. Therefore, the system becomes very expensive when supporting a large number of users [5, 6, 71. Batch Sewice: One multimedia stream can serve more customers who select the same multimedia program in one batch period [8, 9, 10, 111. Therefore, the system becomes more cost-effective as it serves more users simultaneously (Figure 2) . Nevertheless, the VCR function is no longer supported in this system and the users have to wait for the scheduled programs. On the other hand, if the popularity of the multimedia program is not high, customers must wait for a batch period without saving any multimedia streams, as no other requests are made for the same content during that batch period. Leung and Wong [13] proposed a hybrid multimedia system with an incentive-charging scheme. Their system provides both interactive and batch services and it uses a charging discount to attract customers to choose the batch service. Numerical results demonstrated that the scheme benefits not only the service provider (with higher revenues) but also benefits the users (who have higher satisfaction due to higher availability of programs and more service choices). In [13] , a multimedia server is considered to provide concurrent multimedia streams for customers and the multimedia streams are divided into two groups. One is for the interactive users while the other is for the batch users. However, the streams are not shared, i.e. it is possible that one service is starving for streams while the other service has streams available. On the other hand, if a customer chooses a content with very low popularity, it is very likely that no ' other customers will select the same content. Therefore, the system still cannot save any streams although the original customer has already been made to wait for the whole batch period.
This paper proposes a new hybrid multimedia system, which improves Leung and Wong's system to further reduce the blocking probability and increases the generated revenue of the system. Our work has two major differences from [ 131: 1)Both the interactive users and the batch users will share all the multimedia streams. Apparently, the system becomes more efficient simply by sharing.
2)Besides providing both service options for users as in [13] , we also consider the possibility that the system will limit and determine the service option for the users. Specifically, for a number of the most popular contents we will provide batch service only, while for the other less popular contents we will provide interactive service only.
This paper is organized as follows: Section I1 presents the new hybrid MOD system. Section 111 derives the analytical model for the new system. Section IV evaluates the system performance and compares the performance of different MOD systems. Finally conclusions are made in Section V.
HYBRID MOD SYSTEM
Similar to [ 131, this hybrid MOD system consists of one htulumcdia Server System
Figure 3: Architecture of the proposed hybrid MOD system. multimedia server, which can support N concurrent multimedia streams. In [ 131, some transmission streams are reserved for the interactive service only and the rest of streams are reserved for the batch service only. In our paper, we allow all multimedia streams to be used both for interactive and batch services. Figure 3 depicts the architecture of the new proposed hybrid MOD system. Consider that the system provides C multimedia contents (e.g. movies, news, music, etc). Each of these contents may have a different popularity and duration. As mentioned before, the system provides customers with both the interactive service and the batch service. The interactive service allocates one dedicated multimedia stream to each ongoing customer. In the batch service, when the system receives an initial request for a batch service, it waits for TB minutes (the batch period) to collect more requests for the same content, and then allocates one multimedia stream to serve this batch of customers. Note that this system guarantees that the waiting time for the batch service will not exceed TB minutes.
From the customers' point of view, the interactive service is better than the batch service. Therefore, the customers will not select the batch service unless they have an incentive. For this reason, the incentive charging scheme [I31 offers a charging discount on the batch service in order to attract customers. Let the service charge be Ci for the interactive service of the content i, where Ci depends on the popularity and duration of the content. If the batch service is chosen for the same content, the service charge is set to be 6 Ci , where 0 < 4 SI. Parameter 4 is called the relative service charge, e.g. 8 = 0.80 means a 20% discount on the individual service charge. We let pi be the probability that a user chooses the batch service with content i, where pi depends on 4.
Apparently, if the relative service charge 4 is smaller (i.e., the discount is larger), more users are attracted to choose the batch service and hence pi is larger and vice versa. The possible values of pi against are shown in Figure 4 .
Without loss of generality, we assume that 4's are constant, say 6 in this paper:
Besides providing both service options for users as in-[13], we will also consider the case that the system limits and determines the service option for the users. Specifically, for some very popular contents we will provide the batch service only, while for the other less popular contents we will provide interactive service only. We assume that the contents are In this case, for B most popular contents, we limit our customers to having batch service only and for the other contents interactive service only. The former means that pi = 1 for 1 I i I B while the latter means that pi = 0 for B+l I i I c
ANALYTICAL MODEL
In the hybrid MOD system, all N transmission streams are shared by both the interactive and the batch services. They are used according to the First Come First Served (FCFS) discipline until all server streams are occupied. When all server streams are occupied, the new .requests will be blocked and no queuing will be allowed.
Let a, be the probability that a request chooses multimedia content i, and let al L q 2 ... 2 a~ without loss of generality.
Also we let z be the average duration of the contents. In other words, if the requested content starts to play and occupies the transmission stream at time T then the stream will be released at time T + z. In the following, we calculate the blocking probability, the average waiting time, the average number of streams saved and the average revenue per unit time for the proposed hybrid MOD system: A. Blocking probability We aggregate the C arrival processes into one process. The total arrival rate of stream requests for interactive service A, is given by
The request arrival rate of batch service for content i is given by
We aggregate the B arrival processes into one process. The total arrival rate of stream requests for batch service AB is given by (4) Then, the total system arrival rate for requesting streams is given by
The system provides N transmission streams for both the interactive and the batch services. As a real MOD system normally have a large number of multimedia contents, we assume the aggregate batch arrivals of all contents follow a Poisson distribution. It can be shown that the system can be modeled as an MI G I NI N queue. For this queueing system, the probability that there are n streams occupied is given by [14,151
The request arrival rate for interactive service of content i is given by 0-7803-7097-1/01/$10.00 02001 IEEE When there are N transmission streams occupied, all other new stream requests will be blocked. The blocking probability Pblocking is therefore given by When the first batch request of a content arrives, this request will need to wait the whole batch time (TB). However, the waiting time for the following batch request of that content will reduce ( W < TB ).
The probability of n batch requests (following the first batch request) for the same content i is Poisson distributed and is given by and
n! Therefore, the mean revenue per unit time is given by (8)
Since the average waiting for these n requests is TB I 2, the average waiting time for all these n+l requests is given by lV. NUMERICAL RESULTS We assume that the system can support N = 1000 concurrent multimedia streams and can store C = 100 multimedia contents. Let the popularity of the multimedia contents follow Zipf s distribution [ 161 and is given by a, = A / i('-a) where A is a normalization constant and the parameter CJ determines the shape of the distribution. Also, we let Ci = 30 and q = 90 minutes for 1 I i I 100, T, = 10 minutes and ?L = 10 requestdminute.
Figures 5 and 6 show the revenue and blocking probability against the relative service charge, respectively, with various Zipfs parameter a using the optional scheme for the proposed hybrid MOD system. It can be seen that the system gets the highest revenue when the relative service charge is 0.7 for all values of a. For example, the highest revenue is about HK$ 429/minute when (r = 0.271 and the corresponding blocking is 1.12%. Moreover, it is seen that the smaller the a, the higher the maximum revenue and the lower the blocking. This is because that smaller a value means the viewing demand concentrates on fewer multimedia contents and this make batching more effective, i.e. more streams saved, higher revenue and lower blocking. Figures 7 and 8 show the revenue and blocking probability against the number of multimedia contents whch provides batch service, respectively, with various a using the compulsory scheme for the proposed hybrid MOD system.
For fair comparison between optional and compulsory schemes, we use the relative service charge value 0.7 for the discount of the batch service. Again, it is seen that the smaller the a, the higher the maximum revenue and the lower the blocking. Moreover, for a given a (say 0.271), the maximum revenue under the compulsory scheme will increase (to about HK$ 460/minute) and the blocking probability will decrease (to 6.36 x lo") when compared to the optimal scheme. In addition, the optimal value of B (i.e. the number of batch contents) decreases as the Zipf s parameter a decreases. This means that, as a decreases, the system can get more revenue by confining the batch service to fewer (most popular) contents and hence more (less popular) contents provide the interactive service, i.e. better service. Tables 1 and 2 Tables 1 and 2 , respectively. Note that for the optional scheme we chose the case where the revenue is maximized, and for the compulsory scheme we chose the case where the revenue is maximized while assuring the system blocking less than that in the optional scheme. It is seen that the proposed system using the compulsory scheme gives the highest revenue among all schemes, with reasonable system blocking. In addition, the revenue and lower average waiting time. However, the compulsory scheme also offers the lowest system blocking optional scheme gives more service choices to the users at the among all hybrid systems. On the other hand, the proposed expense of resource provisioning. system is particularly effective when CT is small. Moreover, between two serving schemes, the compulsory scheme is better than the optional scheme in terms of lower system blocking, higher revenue and lower average waiting time.
V. CONCLUSIONS
In this paper, we considered a new hybrid MOD system providing both the interactive service and the batch service. We proposed two serving schemes. One provides optional services where the user could have a freedom to choose either service and the other provides compulsory services where the system decides which service the user can have. For the optional scheme, charging discount is used to attract more customers to view the batch contents. For the compulsory scheme, the users are assigned either the batch service for high popularity multimedia contents or the interactive service for low popularity contents. Also, we derived an analytical model for their performance evaluation.
Numerical results showed that the proposed hybrid system gives highest revenue than both individual systems as well as the former proposed optional hybrid system. The system provides a superior solution to both the service providers and the users. Specifically, given a limited storage resource the service provider can get more revenue by serving more concurrent users while the users can get higher satisfaction due to higher availability of programs, low average waiting time and lower service charge for popular multimedia contents. In addition, the proposed system is particularly effective when the difference of the popularity between the popular and unpopular contents is large. Moreover, between two serving schemes, the compulsory one is better than the optional one in terms of lower system blocking, higher
